I -INTRODUCTION
Having dexermined among a v a r i e t y o f polyalcohols those which most favour the wholly amorphous s t a t e i n t h e i r aqueous solutions, even a t low concentrations, i t was i n t e r e s t i n g t o see whether o r n o t t h e most e f f i c i e n t solutes were e f f e c t i v e l y good cryoprotectants f o r c e l l s .
Therefore r e d blood c e l l s were chosen as a model, due t o the s i m p l i c i t y o f t h e i r structure.
Their s u r v i v a l has been studied versus cooling r a t e when they are cooled down t o l i q u i d n i t r o g e n temperature and rewarmed up t o room temperature.
Survival curves o f erythrocytes i n buffered s o l u t i o n s containing various concentrations o f g l y c e r o l o r 1,2-propanediol had been p l o i t e d f o r cooling r a t e s varying from 1 t o 4 OOO°C/nin ( 1 1. They were cooled i n c y l i n d r i c a l straws o f 0.5 nl.
They were rewarmed e i t h e r slowly o r r a p i d l y . Rapid rewarming was obtained by immersing t h e straws, i n i t i a l l y a t -196OC i n a water bath a t 37OC (warning r a t e o f about 5.000°C/min) and slow warming? by leaviny t h e straw, i n i t i a l l y a t -196°C i n the a i r a t room temperature (warming r a t e o f about 100-200°C/min). Glycerol was chosen because i t i s the mosr comnonly used cryoprotectant and 1,2-propanediol because i t most favours t h e wholly amorphous seaLe.
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JOURNAL DE PHYSIQUE With 10, 15 o r 2b % (w/w) g l y c e r o l ( 1 ) o r 1,2-propanediol ( F i g . 1 ) as t h e c o o l i n g r a t e i s increased, t h e s u r v i v a l increases, passes through a maximum, thec decreases.
Such a c u r v e w i t h a maxinum o f s u r v i v a l i s v e r y common and has beer observed f o r a v a r i e t y o f c e l l s i n r h e presence o f d i f f e r e n t c r y o p r o t e c t a n t (2-4). A t t h e l o w e s t c o o l i n g r a t e s , as pure i c e c r y s t a l l i z e s o u t o f t h e c e l l s , coo much water has enough xime t o f l o w o u t t h e c e l l s i n response t o t h e r e s u l t i n g osmotic pressure. They a r e k i l l e d by an excessive shrinkage. A t t h e h i g h e s t rates', water does n o t have enough t i m e t o l e a v e t h e c e l l and i c e can c r y s t a l l i z e i n t h e d i l u t e d i n t r a c e l l u l a r s o l u t i o n , k i l l i n g t h e c e l l s . these straws were rewarmed i n water a t 37°C i n t h e kleenex i n which i t had been cooled, and f o r a c o o l i n g a t 3500°C/min, these straws were rewarmed i n a i r a t room temperature.
More r e c e n t l y , t h e s u r v i v a l has been compared w i t h t h e q u a n t i t y o f i c e c r y s t al l i z e d on c o o l i n g , t h e c o n d i t i o n s where damage occurs on rewarming have been s t u d i e d n o t o n l y f o r e r y t h r o c y t e s b u t a l s o f o r o t h e r c e l l s . Also, s u r v i v a l curves have been p l o t t e d i n 1,3-, 2,3-and 1,2-butanediol due t o t h e i r i n t e r e s t i n g p h y s i c a l p r o p e r t i e s ( 7 ) . T h i s i s what i s presented here. I n f i g . 2 , one sees t h a t t h e i n c r e a s e o f s u r v i v a l a t c o o l i n g r a t e s f a s t e r t h a n t h a t corresponding t o t h e minimum, c o i n c i d e w i t h t h e decrease o f t h e q u a n t i t y o f i c e 
554). One o b t a i n s t h a t h e a t i n c r y s t a l l i z e d i n t h e aqueous s o l u i i o n , b o t h w i t h 30 o r 35 % 1,2-propanediol. I t i s very l i k e l y t h a t t h e 1.2-propanediol c o n c e n t r a t i o n i s t h e same i n s i d e and o u t s i d e unshrunken e r y t h r o c y t e s s i n c e a l o r o f t i n e has been g i v e n f o r e q u i l i b r a t i o n o f t h i s v e r j permeable s o l u t e b e f o r e f r e e z i n g . The i n t r a c e l l u l a r s o l u t i o n a l s o c o n~a i n s s o l u t e s o t h e r than 1.2-propanediol.
Neveriheless,the above coincidence s u~g e s t s t h a t t h e q u a n t i t y o f i c e c r y s t a l l i z e d has t h e same v a r i a t i o n i n s i d e unshrunken e r y t h r o c y t e s as i n a s o l u t i o n o f 1,2-propanediol c o n c e n t r a t i o n than t h e e x t r a c e l l u l a r s o l u t i o n : t h e g l a s s -f o r m i n g tendency i s t h e same i n s i d e t h e e r y t h r o c y t e s as when 1,2-propanediol i s mixed w i t h pure water. T h i s a l s o suggests t h a t i c e i s always damaging when i t c r y s t a l l i z e s i n s i d e t h e c e l l s on c o o l i n g , and t h a t t h e h i g h s u r v i v a l corresponding t o t h e h i g h e s t c o o l i n g r a t e s corresponds t o complete v i t r i f i c a t i o n o f t h e e x t r a c e l l u l a r and i n t r a c e l l u l a r s o l u t i o n .
Nei a l s o observed a minimum and an i n c r e a s e o f s u r v i v a l r a t e o f e r y t h r o c y t e s cooled w i t h g l y c e r o l , b u t a t much h i g h e r c o o l i n g r a t e s ( 8 ) .
He observed by microscopy t h a t c e l l shrinkage i s weak near t h e minimum o f s u r v i v a l , and t h a t no i c e was v i s i b l e i n s i d e o r o u t s i d e t h e c e l l s a t t h e h i g h e s t c o o l i n g r a t e s .
-SURVIVAL OF ERYTHROCYTES I N 1,3-BUTANEDIOL SOLUTIONS WHEN SUBSEQUENT REWARMING
W A S 1 . , , , . , a,.
1.3-butanediol was chosen s i n c e t h e glass-forming tendency on c o o l i n g , and s t a b i l i t y o f t h e w h o l l y amorphous s t a t e on r e~a r m i n g o f i t s aqueous s o l u t i o n s , a r e almost as h i g h as those of 1.2-propanediol s o l u t i o n s f o r t h e same water c o n t e n t ( 9 ) . The t o x i c i t y o f 1,3-butanediol f o r e r y t h r o c y t e s i s v e r y low. With 35 % 1.3-butanediol i n t h e b u f f e r e d s o l u t i o n (101, t h e hemolysis reaches o n l y 3.5 % t e n hours a f t e r t h e a d d i t i o n , when t h e c e l l s a r e maintained a t 0°C ( 1 0 ) .
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b u t a n e d i o l s o l u t i o n s a r e g i v e n i n f i g . (Figs. 2 and 4) . The warming r a t e s necessary t o avoid c r y s t a l l i z a t i o n on rewarming are much higher : 7.5 x 1 0 * "~/ m i n w i t h 35 % 1,2-propanediol and 2.7 x 1012 " C h i n w i t h 35 % 1,3-butanediol.
However, a warming r a t e o f about 5000°C/min (straws rewarmed i n a water bath a t 37°C) i s s u f f i c i e n t t o i n s u r e a high s u r v i v a l o f t h e erythrocytes a f t e r c o o l i n g a t 4000°C/min w i t h 30 % . o r 35 % 1,2-propanedjdl o r 35 % 1,3-butanediol.
Through, i n the absence o f shrinkage on c o o l i n g the polyalcohol cannot concentrate i n s i d e t h e c e l l s . This suggests t h a t i c e has c r y s t a l l i z e d i n s i d e t h e c e l l s on rewarming, b u t that, when i t c r y s t a l l i z e s o n l y on rewarming, i t i s n o t necessarily damaging. Indeed R a l l e t a1 (11) observed innocuous i c e c r y s t a l l i z a t i o n on rewarming c e l l s o f mouse embryos. I f erythrocytes are rewarmed a t o n l y 100-200°C/mi n (straws rewarmed i n a i r ) damage occurs on rewarming ( f i g s . 2 and 5). 
, amorphous When solution, i c e c r y s t a l l i z e s i t i s f i r s t from cubic a ( 7 ) w h o l l y ( i c e + -+ I c ) (12) then hexagonal (ordinary i c e ) . 20
Comparison o f various X-ray experiments show 10 t h a t t h e speed o f t h e t r a n s i t i o n from cubic i n t o hexagonal i c e i s s i m i l a r i n pure water and 1 2 3 5 10 50100 5001000 i n 1,2-propanediol s o l u t i o n s (1, 7, 13) and i n COOLING RATE (OC/rnin.
1.3-butanediol solutions. thouah a 1 i t t l e siower i n these l a s t ones: Using an expression etablished by Dowel1 and R i n f r e t f o r pure water, one can deduce t h a t t h e proporxion x o f hexagonal i c e formed a t a temperature T i s r e l a t e d t o t h e warning r a t e v by ( 1 , l l ) :
x(T) = ( l / v ) exp(0.126 T -26.5)
[I]
idhen T i s i n K and v i n OC/min (unless t h i s equation gives x>l : i n t h i s case x = l , a l l i c e has become hexagonal. T, , , equals -13 and -16°C w i t h r e s p e c t i v e l y 30 and 35 % (w/w) 1,2-propanediol and -10.5 and -12. (Fig. 7) t h e t r a n s i t i o n from cubic i n t o hexagonal i c e coincides w i t h t h e decrease i n s u r v i v a l .
V -SURVIVAL OF ERYTHROCYTES AFTER COOLING WITH 2,3-BUTANEDIOL OR 1,E-BUTANEDIOL 2,3-butanediol has been t e s t e d because t h e wholly amorphous s t a t e o f i t s aqueous s o l u t i o n can be e a s i l y obtained on cooling, but l a r g e amounts o f i c e and hydrate c r y s t a l l i z e on r~warming. U n t i l 1 now i r i s only t h e harmfullness o f i c e which has been studied. Unfortunately, s u r v i v a l was always very low, whether subsequent rewarming was f a s t (straws rewarmed i n a water bath a t 37°C) o r slow (straws rewarmed i n a i r ) . The hydrate c r y s t a l l i z a t i o n always k i l l s t h e c e l l s .
Attempts have a l s o been made t o measure f r e e z i n g damage i n the presence 1,2-buranediol, since t h i s s o l u t e favours cubic i c e c r y s t a l l i z a t i o n ( 9 ) and seems innocuous. Unfortunetely, 30 % (w/w) o f r h i s s o l u t e i s t o x i c , and t h e erythrocyees are already henolysed before freezing. 1,2-propanediol, and 1,3-butanediol. With these solutes high s u r v i v a l r a t e s o f erythrocytes are obtained a f t e r c o o l i n g i n t o l i q u i d nitrogen, n o t o n l y i n the c l a s s i c a l case where shrunken c e l l s are surrounded by ice, b u t also i n t h e case o f complete v i t r i f i c a t i o n . The i n t e r e s t i n g properties o f 1,3-butanediol have been found t o o r e c e n t l y t o have, u n t i l 1 now, any other applications. On t h e other hand, since our studies, l,2-propanediol has proved t o be very i n t e r e st i n g f o r t h e cryopreservation o f other c e l l s . Using t h i s solute, Renard obtained s u r v i v a l r a t e s close t o 100 % w i t h mouse o r r a b b i t embryos (15, 16) , even a t stages o f development considered t i l l now as being d i f f i c u l t t o cryopreserve.
He applied h i s mezhod r o the bank o f mouse embryos o f t h e Pasteur I n s t i t u t i n Paris. I n sorde cases, he could r e l a t e s u r v i v a l t o the physical p r o p e r t i e s o f t h e s o l u t i o n s (171. The cechnique has been extended t o humans embryos by Testart (18) . Babies have been born i n 1986 from embryos cryopreserved i n l i q u i d n i t r o g e n w i t h 1,2-propanediol a t the h o s p i t a l o f Clamart, near Paris. Using t h i s cryoprotectant t h e r a t e o f pregnanc i e s i s 3 times t h a t using g l y c e r c l o r dimethylsulfoxide ( f i r s t babies born i n A u s t r a l i a ) (19). It i s comparable t o t h a t without freezing. 1,2-propanediol can be used f o r c l i n i c a l preservation o f erythrocytes (20). Using a s o l u t i o n containing a mixture o f 1,2-propanediol , dimethylsulfoxide, acetami.de and polyethylene glycol, R a l l and Fahy succeeded i n cryopreserving mouse embryos by complete v i t r i f i c a t i o n (21 1.
JOURNAL DE PHYSIQUE
The encouraging r e s u l t s suggest t h a t t h e study o f glass-forming rendency and s t a b i l i t y o f t h e w h o l l y amorphous s t a t e would perhaps be t h e way t o f i n d how t o preserve r h e major organs o f man and ma~imals by ro-ial v i t r i f i c a~i o n .
A t l e a s t i n t h e case o f e r y t h r o c y t e s t h e s u r v i v a l o f unshrunken c e l l s seems d i r e c t l y r e l a t e d t o t h e glass-forming tendency on c o o l i n g . I t i s n o t r e l a t e d t o t h e s t a b i l i t y o f t h e w h o l l y amorphous s t a t e on rewarming, b u t damage seems c o r r e l a t e d t o the t r a n s i t i o n f r o m c u b i c i n t o hexagonal i c e . Since t h e warming r a t e s t o a v o i d t h i s t r a n s i t i o n are s m a l l e r than those necessary t o avoid any i n t r a c e l l u l a r c r y s t a l 1 i z a t i o n i n unshrunken c e l l s, warming r a t e s about 2000 t o 5000°C/min would be s u f f i c i e n t t o rewarm v i t r i f i e d t i s s u s o r organs w i t h o u t damage, by u s i n g perhaps a microwave oven. T h i s shows t h a t t h e study o f t h e t r a n s i t i o n from cubic i n t o hexagonal i c e i s v e r y u s e f u l . I n t h e case o f e r y t h r o c y t e s , damage comes j u s t a f t e r : i t may be c o r r e l a t e d t o t h e subsequent growth o f t h e hexagonal i c e c r y s t a l s . Therefore a more d e t a i l e d study i n c l u d i n g t h e d e t e r m i n a t i o n o f t h e s i z e and shape o f t h e c r y s t a l s versus temperature c o u l d be a l s o u s e f u l (22).
30 % 1,2-butanediol i s t o x i c , b u t perhaps t h e use o f t h i s s o l u t e i n t e r n a r y systems, o r o t h e r s o l u t e s f a v o r i n g c u b i c i c e c o u l d be promising. The s t a b i l i t y o f t h e w h o l l y amorphous s t a t e c e r t a i n l y p l a y s a r o l e i n t h e case o f shrunken c e l l s which can be rewarmed a t r a t e s much lower than 200O0C/min. I n t h e i r i n t r a c e l l u l a r medium c o n t a i n i n g very h i g h concentrations t h e warming r a t e necessary t o a v o i d any i c e c r y s t a l l i z a t i o n can be much lower than t h a t necessary t o a v o i d t h e t r a n s i t i o n from c u b i c i n t o hexagonal i c e . 2,3-butanediol hydrate i s damacing. Another method f o r c r y o p r e s e r v a t i o n may be t o f i n d innocuous hydrates. 2,3-butanediol may i t s e l f be i n t e r e s t i n g i n t e r n a r y systems impeding a t l e a s t p a r t i a l l y i t s h y d r a t e c r y s t a l l i z a t i o n .
